The uniaxial stress field in shape memory alloy (SMA) films patterned into thin strips increases the transformation induced deflection of SMA/Si cantilever bimorphs in comparison to cantilevers with planar films. In the single phase temperature ranges T > A f , M s and T < A s , M f (A f -austenite finish, A s -austenite start, M f -martensite finish and M s -martensite start temperatures), where the deflection is controlled by the thermoelastic stress, the change reflects the difference between the uniaxial and biaxial stress states. In the temperature regimes A s < T < A f , M f < T < M s , the martensitic microstructures created by uni-vs. biaxial stress fields are responsible for the difference of the cantilever deflection.
Introduction
The martensitic transformation in Ni-Ti shape memory alloy (SMA) films is of technological interest for microactuators in micro-electro-mechanical systems (MEMS) and has thus received wide attention. 1, 2) SMA films in MEMS devices can be scaled from millimeter to submicron dimensions. A conventional system, for example, is a thin film on a substrate. Such a thin film normally has an extremely small thickness compared to its lateral dimension, and thus possesses two-dimensional (2-D) characteristics. Highly developed micro fabrication technologies allow components of different dimensionality to be integrated. In order to successfully incorporate SMA films into MEMS devices, dimensional effects on SMA films need to be understood. The field of SMA film integra-tions may be divided into three sub-fields as shown in strain depend on the dimensionality of the film.
Experimental Techniques
Nominally Ni 50 Ti 50 targets were used to sputter deposit films on bulk micro-machined silicon (100) cantilever substrates with a Si 3 N 4 diffusion barrier layer (100 nm), using a dc magnetron sputtering system. The Si cantilevers (L = 20 mm, W = 4 mm, t s = 0.07 mm, see Fig. 1 ) were fabricated using conventional bulk micromachining techniques.
3)
The length and width of the cantilever were aligned along 110 directions of the Si wafer. A Shipley 1813 photoresist was spun on the surface of the Si cantilevers and patterned into periodic strips ranging from 2.5 to 1000 µm in width. 4) The photo masks were configured into periodic strips separated by gaps of the same width as that of the strips though final film/gap configurations deviated somewhat from the mask dimension, see Table 1 . The deposition parameters were: 1.3 · 10 −4 Pa base vacuum, 1.3 Pa Ar gas pressure, 100 W power, 30 min deposition time. During the deposition the substrate was maintained at room temperature. The deposition rate was approximately 0.5 nm s −1 and the total thickness, as measured with a Sloan Dektak scanner, approximately 0.9 µm for each of the so deposited films. Films of the same thickness were deposited simultaneously onto the photoresist patterned Si cantilevers so that their properties could be directly compared to each other. A lift-off process with acetone revealed the striped films. The stripes were crystallized and stress relieved by annealing for 2 hour at 500
• C in high vac- uum. Figure 2 shows SEM pictures of micro patterned NiTi films on a Si cantilever. The final dimensions of the patterned films are shown in Fig. 1 (c) in conjunction with Table 1 . The SEM examination affirmed that all films had the same thickness. The deflection of the NiTi/Si composite cantilevers due to thermo-mechanical stresses and the occurrence of the martensitic transformation in the SMA film were measured as a function of temperature by using a capacitive technique.
5)
The diameter of the capacitance equaled approximately the sample width. The measurement principle is shown in Fig. 3 . All measurements were performed using identical heating and cooling rates in a helium gas atmosphere. Figure 4 displays the main result of the study, the temperature dependence of the deflection of the four differently patterned NiTi/Si composite cantilevers. In order to facilitate a direct comparison of the data the deflection δ displayed in Fig. 4 has been normalized to the same total NiTi film volume,
Results and Discussion
Here, the quantity d is the experimentally observed cantilever deflection indicated in Fig. 3 . The patterns differed in the aspect ratios of the NiTi strips as given in Table 1 .
The data in Fig. 4 show that the deflection of the NiTi/Si composite cantilever depends on the aspect ratio t s /w in the high,
austenite plus martensite phases), and low, T < A s or M f (martensite phase), temperature regimes. Quantitatively, the deflection is measured by the slope dδ/dT Table 1 for sample dimensions. The density of data points has been reduced by a factor of five.
of the linear portion of the graph δ = f (T ) in the respective temperature regime. A larger aspect ratio results in a smaller thermoelastic deflection with a negative slope dδ/dT < 0 in the high and low temperature regimes. In the intermediate temperature regime the transformation induced deflection has a positive slope dδ/dT > 0. The thermoelastic deflection occurs due to a mismatch stress in the NiTi/Si composite. A simple stress analysis of the 1-D film/2-D substrate composite is depicted in Fig. 5 . The NiTi thin film has a higher coefficient of thermal expansion than that of the Si substrate, and thus shrinks faster on cooling from the annealing temperature (see Fig. 5(a) ). The NiTi film needs to be stretched by a biaxial tensile stress σ f w = σ f L to be fit onto the substrate, see Fig. 5(b) , Contrarily, the Si substrate is subjected to a biaxial compressive stress −σ s w = −σ s L in order to match the interface dimensions, see Fig. 5(b) . The film is attached to the substrate to form the NiTi/Si composite structure. Since the geometry of the striped NiTi film is one dimensional, the stress in the W-direction is relaxed as sketched schematically in Fig. 5(c) . 6, 7) It is noted that the amount of relaxation depends on the aspect ratio of the NiTi thin film. 8) Therefore, the stress state of the 1-D film/2-D substrate composite becomes uniaxial while the stress state of the conventional 2-D film/2-D substrate composite remains biaxial.
The specific thermoelastic deflection δ = 2δ/L 2 , where L is the sample length, of the composite cantilever is analyzed using Stoney's equation. 9) For biaxially stressed film this equation can be used as is
However, for the present uniaxially stressed NiTi stripes and Si cantilevers it must be modified to
In these equations the quantities t f and t s represent the thickness of film and substrate, and E f and E s are their Young's moduli. The constants v f and v s denote Poisson's ratios of the film and substrate, respectively. Their numbers are tabulated in Table 2 . The quantity ∆ε denotes the strain in the composite. The right hand side of Stoney's equations is divided into three terms as shown in Table 4 to highlight the difference of the deflections between uniaxial and biaxial stress states: 
whereas for a uniaxial state of stress, σ f,L σ f,w , domains Table 3 Experimentally determined slopes dδ/dT . 
Note that the z-component of the eigenstrain is immaterial to the problem. 6) The experimental values of the slopes dδ/dT on heating are listed in Table 3 . They were determined from a linear least square fit to the data that corresponded to the maximum of the correlation coefficient for the temperature regimes, T > A f and T < A s . The slope in the transformation region, A s < T < A f , was determined from the change of the deflection and temperature between A s and A f ,
The experimental quantity amenable to analysis is the ratio of the slopes P =
of the high and low aspect ratio composites. The steps to evaluate this ratio of slopes are presented in Table 4 . The modulus E f as well as v f in the two phase regime are complex quantities as they reflect not only elastic deformations but also those mediated by the motion of twin boundaries. The following analysis treats them as independent of temperature and dimensionality.
In the high temperature regime T > A f the strain is determined by the difference of the coefficients of thermal expansion of the high temperature B2 phase of NiTi and of silicon, ∆α. In the temperature range A s < T < A f it is determined by the martensitic transformation strain. In preparing the table the thermoelastic strain was neglected, as it is smaller than the transformation strain. The temperature dependent transformation strain ε M · γ (T ) reflects the state of stress at which the martensite is formed. It is composed of the transformation strain ε M and a parameter γ (T ) representing the temperature dependent microstructure of the transforming film. In the following it is assumed that γ (T ) does not change significantly with the dimensionality of the film.
The steps shown in Table 4 permit an approximate evaluation of the ratios of the slopes dδ dT for high and low aspect ratios of the film, P, in the three temperature regimes T > A f (austenite), A s < T < A f (transformation) and T < A s (martensite). According to Table 4 in the single phase regions T > A f and T < A s . The ratio of slopes in the transformation region can vary from 0.7 to 1.4 depending on the evolution and nature of the martensite microstructure: for a single crystalline cubic → tetragonal transformation, as can be seen by comparing eqs. (3) and (4), β = 2. Hence P est = 1.4 as an extreme case for a cubic-tetragonal transformation. This estimate compares well with the experimental data, P exp , that can be obtained from Table 2 and are included in Table 3 , i.e. P est ≈ P exp . The dimensional aspects of the stress relief characteristics of monoclinic and tetragonal martensites thus closely resemble each other. This can be understood by considering the monoclinic martensite as a distorted tetragonal structure. It might be noted that this result is independent of or weakly dependent on the film modulus E f . The shift of the transformation temperatures with increasing aspect ratio evidenced in Fig. 4 results from their known stress dependence.
In summary it can be stated that SMA/Si bimorph cantilevers with a SMA film patterned into strips show a smaller thermoelastic and a larger transformational deflection than the same bimorphs with unpatterned, planar SMA films. The difference is the result of the stress states of the composite that are determined by the dimensionality of the film, as well as the effectiveness of the martensite variants that are responsible for the deflection in the two phase regime. The magnitude of Poisson's ratio of silicon contributes significantly to the observed effects. 
